Abstract. Alkali activated fly ash material (AAFAM) has become the most promising material to substitute materials based on ordinary Portland cement (OPC). However, there is no available nomogram for AAFAM mixtures. In contrast, there are many rational methods available in the literature to make paste, mortar and concrete with OPC based materials, such as Monteiro-Helene's nomogram, which uses Abram's law, Lyse's law and Molinari's law. This paper presents a study to construct such a nomogram for AAFAM mixtures by first conducting experiments on the paste and mortar phases. The procedure of Monteiro-Helene's nomogram was adopted in this formulation. The first step in this direction was to find a close relationship between the strength and paste composition of the material that can be used as a substitute for Abram's law. The second step was to construct the equivalent of Lyse's and Molinari's relationships by varying the sand and fly ash contents. The results show that it is possible to make a nomogram for AAFAM mixtures such as the one for OPC based materials. Class F fly ash and its mortar phase were used to construct the nomogram. In addition, the mortar samples that were used to build the nomogram had similar solidification products according to their microscopic characteristics.
Introduction
Alkali activated material (AAM) is a solid material formed by alkali activation on silica and alumina-rich materials. Hence, AAM basically does not need ordinary Portland cement (OPC) as a binder. This is actually not a new technology. Davidovits [1] and Pachecho-Torgal, et al. [2] have traced back the history of this material and its application to the 1950s. Duxson, et al. [3] list different names for it, i.e. low-temperature aluminosilicate glass, alkaliactivated cement, geocement, alkali-bonded ceramic, inorganic concrete and hydroceramic. However, Davidovits in 1979 named it geopolymer, which is the generic name for alkali activated material with amorphous to semicrystalline reaction products [1] .
Fly ash based alkali activated material, or alkali activated fly ash material (AAFAM), has become the most promising material to substitute OPC-based materials because of its strength, durability and environmental aspects [2, 3] . Pacheco-Torgal, et al. [2] and Duxson, et al. [3] have collected many researches about AAFAM and concluded that it is not difficult to produce this type of material with high strength characteristics (> 50 MPa), especially with dry curing. It is even reported that AAFAM paste can achieve remarkable strength: 90-95 MPa after 28 days [1] . In addition, durability and environmental aspects of AAFAM are also found better than those of conventional OPC binders. Fernandez-Jimenez et al. [4] reported that AAFAM paste and mortar are more durable than those of OPC in a sulphate and seawater environment. Its capacity can be increased by using the calcination of fly ash at 600°C [5] . This fact is basically a consequence of the absence of the mineral Ca(OH)2 in AAFAM solidification products [6] . As for the environmental aspect, to make one ton of AAFAM requires low energy and emits only ±0.184 ton of CO2 [1] . This figure is much lower when compared with OPC production, which emits approximately one ton of CO2 for every ton of clinker.
Apart from all these benefits of AAFAM, field application of AAFAM is still very limited [7] . According to the report by Van Deventer et al. [7] , the volume of AAFAM that has been applied recently in construction fields in Australia is small. However, application of this material on a large industrial scale is still not feasible yet. No standards, guidelines or corresponding nomogram are available to support the application of this material in the field. Thus, a standard framework for designing AAFAM should be developed [7] . The development of a nomogram for AAFAM mixtures is one important step in fulfilling that standard framework. This paper presents the development of a nomogram for AAFAM mixtures. The procedure of Monteiro-Helene's nomogram was adopted in this development. Figure 1 . Abram's law describes the relationships between water/cement (w/c) and compressive strength of concrete. Lyse's law describes the relationships between water/cement (w/c) and aggregate/cement ratio for various consistencies of concrete. This means that when using the same materials, it is possible to get concrete mixtures of equal consistency by keeping the ratio between volume of water to volume of compacted fresh concrete constant [8] . Molinari's law describes the relationship between cement content and aggregate/cement ratio. Up to now, there is no such nomogram for AAFAM mixtures. Nevertheless, many researchers have conducted significant steps towards constructing one. Hardjito and Rangan [9] , from the Geopolymer Concrete Research Group of Curtin University of Technology Australia, have conducted a massive research on the concrete phase of AAFAM to identify the effect of salient parameters for manufacturing and developing the mixture proportioning of the material. As in the conclusions of their report, there are two paste composition factors that significantly affect the compressive strength of the material: (1) ratio of molar reactant H2O/Na2O (if this molar ratio increases, the compressive strength decreases), and (2) ratio of mass of water/geopolymer solids (if this ratio increases, the compressive strength decreases). They recommended these factors as mixture design parameters. However, no further information is stated about which one of these parameters is the most significant for substituting water/cement (w/c) as in OPC based material.
Method on Material Mixtures
Based on the works of Hardjito and Rangan [9] described earlier, Anuradha, et al. [10] have recently presented guidelines for geopolymer concrete mix design modifying the Indian standard on OPC based concrete on a trial-and-error method. Unfortunately, there are many boundaries implied in these guidelines, such as: (1) the range of compressive strength considered is very narrow, i.e. 20-30 MPa; (2) a constant concentration of natrium hydroxide is used; and (3) qualitative information about the consistency of material is lacking. Furthermore, there is no information about the paste composition factor that can be used to substitute water/cement (w/c) as in OPC based material practices.
3
Experimental Details
Materials
The fly ash used to make AAFAM in this research was Class F fly ash from the Suralaya Coal Fired Power Plant in Banten, Indonesia. The oxides of this fly ash, analyzed using an Advant'XP+ ThermoARL XRF spectrometer, were: SiO2 52.30%, Al2O3 26.57%, Fe2O3 7.28%, CaO 6.00%, Na2O 1.41%, SO3 0.70%, K2O 0.73%, MgO 2.13% and LOI 1.18%. According to the Gravimetri test taken, the fly ash consisted of 51.20% total SiO2, 41.70% reactive SiO2 and 9.53% free SiO2. The shape of the fly ash was spherical, based on SEM images using a JEOL JSM 6360LA. By using a Fritsch particle size analyzer (PSA) it was found that almost 50% of the fly ash grains had a diameter lower than 6 µm.
Local sand, i.e. Galunggung sand in saturated surface dry (SSD) condition, was used as fine aggregate for making the mortar phase. Its gradation complied with Gradation No. 1 (coarser sand) according to the Indonesian Standard (SNI 03-2834-1993). Bulk specific gravity (in SSD) is 2.31. The alkali activator solution used was natrium silicate solution and natrium hydroxide solution. Natrium hydroxide solution was made by dissolving NaOH flakes in aquades. NaOH flakes were at 98% purity. The natrium silicate solution was composed of SiO2 37.23% and Na2O 15.98% with specific gravity 1.6539 g/cm 3 . All chemicals were supplied by PT. Bratachem Bandung. A natrium hydroxide solution was added to the natrium silicate solution at normal temperature (23-27°C). It took an elapsed time of at least 4 h after the NaOH flakes were dissolved by the aquades. The alkali activator solution mixed in to make the alkali activated fly ash material was natrium silicate solution added with natrium hydroxide solution, which was left at least 6 h up to the moment before crystallization of natrium carbonate occured [11] . Crystallization of natrium carbonate in the alkaline solution must be avoided, because it can reduce the workability of the mixture. The compressive strength of the paste ranges from 20-40% [12] . Pacheco-Torgal, et al. [13] call the crystallization of natrium carbonate a 'disadvantageous efflorescence phenomena'.
Experimental Program
Samples of the paste were in the shape of cilinders with a diameter of 27.5 mm and a height of 55.0 mm. The mixtures of the pastes were varied according to:
(1) molarity of natrium hydroxide (8M, 12M and 16M); and (2) mass ratio of natrium silicate solution to natrium hydroxide solution (0.5, 1.0 and 2.0). The mass ratio of fly ash to alkaline liquid was kept constant at 2.0. No added water was given in the mixtures. There were 12 mixtures of paste phase made in this research. The mixtures of the paste phase are given in Table 1 . Meanwhile, the samples of the mortar phase were in the shape of cubes with a size of 50 x 50 x 50 mm. The mixtures of the mortars were varied according to:
(1) molarity of natrium hydroxide (8M, 12M and 16M); (2) mass ratio of natrium silicate solution to natrium hydroxide solution (1.0 and 2.0); (3) mass ratio of sand to fly ash (1.80, 1.50 and 1.20), and (4) mass ratio of added water to mortar mixture (0.0%, 0.9%, 1.0%, 2.0%, 3.0% and 3.3%). The mass ratio of fly ash to alkaline liquid was also kept constant at 2.0. There were 24 mixtures of mortar phase made in this research. The mixtures of the mortar phase are given in Table 2 . 
Preparation, Casting and Curing of Test Specimens
The paste phase was made under ambient curing. The steps of making the geopolymer paste were as follows: pour the fly ash in a Hobart mixer pan; then pour alkali activator solution until most of the fly ash is mixed; run the Hobart mixer with a speed of 140 rpm for 30 sec; stop the Hobart mixer for a while (maximum 15 sec) to clean the side of pan; continue running the mixer at speed 280 rpm for 60 sec; run the mixer at 140 rpm for 15 sec. After the paste mixture is ready, the paste is filled into a mould in 2 (two) layers. Each layer is vibrated on the vibrating table for 30 sec. The paste mould was made by Hard Nylon. It consisted of 9 (nine) cylindrical molds of Φ 27.5 x 55.0 mm. Before use, the paste moulds were coated using vaseline. Each variable had three samples. After the paste was poured in the mould unit, the paste was left at ambient temperature for 24 h. Then, the samples were kept in clipped plastic bags until testing.
The mortar phase was made under dry curing. The steps of making the geopolymer mortar were as follows: pour sand in the Hobart mixer pan; then pour the fly ash and mix by hand; run the Hobart mixer at 140 rpm for 3 min; pour the alkali activator solution into the dry mixture slowly; run the Hobart mixer at 140 rpm for 30 sec; stop the Hobart mixer for a while (maximum 15 sec) to clean the side of the pan; continue running the mixer at 280 rpm for 60 sec and run the mixer at 140 rpm for 15 sec. After the mortar mixture was ready, it was poured into the mortar mould in 2 (two) layers. Each layer was vibrated on the vibrating table for 60 sec. Before use, the mortar moulds were coated using vaseline. The mortar mould conformed to ASTM C 109-92. For dry curing, after the fresh mortar was poured in the mortar mould, the mould was wrapped in plastic sheets and put into an oven, which was heated up to 80 °C for 24 h. Subsequently, after the samples had attained normal temperature they were kept in clipped plastic bags until testing.
Testing of Specimens
The hardened paste and mortar were tested using a universal testing machine (UTM). The compressive strength of the paste samples at the ages of 7 and 28 days was recorded. Meanwhile, for the mortar samples, the compressive strength at the age of 7 days was recorded. This period was adopted from the research conducted by Simatupang, et al. [11] . They state that in dry curing, the compressive strength at the age of 7 days is almost the same as the compressive strength at the age of 28 days. Therefore, in dry curing the characteristic compressive strength of the sample is reached after 7 days. The reported compressive strength is the average strength of three specimens. The compressive testing results of the paste and mortar samples are given in Figures  2 and 3 . Samples were also taken to be analyzed for microscopic characteristics using a JEOL JSM 6360LA scanning electron microscope for SEM-EDXA, a Philips Diffractomer PW 1710 XRD for an X-ray diffraction test and an FTIR Prestige 21 Shimadzu for FTIR spectrophotometry. The consistency was tested using the flow test Figure 4 . Table   4 Results and Discussion
Figure 4 Consistency Test of AAFAM Mortar using Flow Test

Recommendation of paste composition factor
To calculate the molar and mass ratios for the paste composition factors, the method described by Hardjito and Rangan [9] , especially in Appendix B of their report, was used. This subsection presents which paste composition factor has the most significant relationship with compressive strength. The results for the AAFAM paste are given in Table 3 . As shown, 5 (five) factors in paste composition were used to be correlated with compressive strength: (1) molar ratio of Na2O/SiO2; (2) molar ratio of SiO2/Al2O3; (3) molar ratio of H2O/Na2O; (4) molar ratio of H2O/(Na2O+SiO2+Al2O3) or molar ratio of H/NSA; and (5) mass ratio of H2O/(Na2O+SiO2+Al2O3) or mass ratio of H/NSA.
From the relationships displayed in Table 3 , it can be seen that the best relationship between compressive strength and paste composition is the relationship of fc versus molar ratio of H2O/(Na2O+SiO2+Al2O3). This relationship is presented in Figure 5 . The power function of regression is the best choice with R 2 = 0.86 for 28 days and R 2 = 0.93 for 7 days. Therefore, the
relationship of fc versus molar ratio of H/NSA in AAFAM based material was considered as a substitute for the relationship of fc versus w/c in OPC based material. Below, this relationship will be verified by secondary data. The next subsection presents the application of the relationship on higher phase material i.e. AAFAM concrete under ambient and dry curing. 
Verification by Secondary Data
The first verification was executed on the AAFAM concrete without superplasticizer, as described in the works of Songpiriyakij [14] . Songpiriyakij used two types of curing, i.e. ambient curing and dry curing at 60 °C in an oven for 24 h in order to make Mae Moh fly ash AAFAM concrete. Because Songpiriyakij gives no further information about the complete paste composition factor, the method described by Hardjito and Rangan [9] to calculate paste composition factors was applied to Songpiriyakij's work. The best relationship between compressive strength and paste composition factor is also built by the relationship of fc versus molar ratio of H/NSA, as given in Figure 6 . This works either under ambient curing or under dry curing.
The second verification was executed on the AAFAM concrete that used superplasticizer, as described in the works of the Geopolymer Concrete Research Group of Curtin University of Technology [9, 15] built by the relationship between fc versus molar ratio of H/NSA, as given in Figure 7 . This works also for AAFAM concrete using superplasticizer under dry curing. Conforming to the results of the verification described before, it is proposed that the best relationship between compressive strength of AAFAM and paste composition is the function of fc against molar ratio of H2O/(Na2O+SiO2+Al2O3) or molar ratio of H/NSA. This function is considered as a substitute of fc versus w/c in OPC based materials.
Thus, a nomogram of AAFAM mortar can be constructed based on MonteiroHelene's nomogram, which will be presented in the next subsection.
Figure 7
Relationships of compressive strength and molar ratio of H/NSA analyzed based on Hardjito-Rangan's works [9] and Olivia-Nikraz's works [15] .
Nomogram of Mortar Phase
The characteristics of the AAFAM mortar mixtures as presented in Table 2 are given in Figure 8 . Qualitatively, the flow test values are divided into three (3) categories describing the level of workability of the mortar: (1) <15 cm is categorized as low workability; (2) 15-20 cm is categorized as moderate workability; and (3) >20 cm is categorized as high workability.
This result also describes that the best relationship between the compressive strength of the material and the paste composition is the relationship of fc versus molar ratio of H/NSA or fc versus molar ratio of H2O/(Na2O+SiO2+Al2O3) with R 2 = 0.7251 using an exponential function. Meanwhile, workability according this relationship can be divided into the following categories: R 2 = 0.6482 for low workability, R 2 = 0.3229 for moderate workability and R 2 = 0.8885 for high workability.
To smoothen the graph and to simplify the discussion, the mixures number 20 and 23 were excluded from the high workability mortars because they had almost the same compressive strength as others mixtures, i.e. (1) ) . Then, the relationship of fc versus H/NSA had R 2 = 0.9696 as shown in Figure 9 .
The nomogram adapted from Monteiro-Helene's nomogram is shown in Figure  9 . The modifications made are: (1) variable m, which represents the mass ratio of aggregate/cement in Monteiro-Helene's nomogram, was modified by using m', which represents the mass ratio of the aggregate/paste, and (2) 
Microscopic Characteristics of AAFAM Mortar
It is important to find out whether the solidification products or microscopic characteristics of the mortars that were used to build the nomogram were the same. This is to ascertain that the nomogram is only affected by macroscopic characteristics of the mortar. Therefore, 4 (four) representative mixtures of From the XRD spectroscopy in Figure 10 we can seen that 2 (two) new minerals occured compared to the fly ash as raw material, i.e. albite (Na(Si3Al)O8) and sodium alumino silicate hydrate (Na6(AlSiO4)6.4H2O). These minerals were present in all mixtures. This indicates that sodium aluminosilicate gel forms were formed [16] . Therefore, the solid products of all mortars were the same. Meanwhile, the quartz and mullite from the fly ash had not been altered. This is the same result as in Fernandez-Jimenez, et al. [16] and Skavara, et al. [17] . Meanwhile from the FTIR spectroscopy in Figure 11 or its resume in Table 4 ) were lower compared to those in the peak of fly ash (1076.08 cm -1 ). This is an indication that sodium alumina silicate hydrate was formed [16] . Mixture 3 and mixture 20 had 2 (two) peaks, indicating stretching vibration of Si-O-Si or Si-O-Al, even at a higher wavelength number at 1080.14 cm -1 . Probably, this is the effect of 'pendular movement' that evolved into a Si-rich gel increasing the mechanical properties of the material [18] . In mixture 5, a trona or sodium bicarbonate band at 1431.18 cm -1 has been indicated. Fernandez-Jimenez, et al. [16] also found this indication when using NaOH+Na2CO3 as activator. However, in mixture 5, trona probably occured because of the presence of CO2 in the air.
Then, by using SEM-EDXA in line through the interfacial transition zone (given in Figure 12 ), it was indicated that the ratios of Si/Al and Na/Al of mixture 3 were higher than those of mixture 24 (given in Figure 13 (a) and 13(b)). According to the SEM-EDXA results there was no ITZ in any of the mixtures. All mortars had a similar morphology.
Conclusions
It is proposed that the relationship of fc versus molar ratio of H2O/(Na2O+SiO2+Al2O3) or molar ratio of H/NSA in AAFAM can substitute the relationship of fc versus water/cement (w/c) in OPC based materials. That relationship works well in every phase of AAFAM, i.e. paste, mortar and concrete, either under ambient or dry curing and with or without superplasticizer.
This paper also presents the development of a nomogram for AAFAM mixtures in mortar phase. It is possible to construct a nomogram for AAFAM mortar based on the nomogram of OPC based materials. In this study, MonteiroHelene's nomogram was used as the framework for the development of the AAFAM nomogram.
The AAFAM mortars in the nomogram have similar solidification products based on the XRD, FTIR and SEM-EDXA analyses. This means that the nomogram is only affected by macroscopic characteristics of the mortar. 
